The resistivity and magnetoresistance of La-doped CeOs4Sb12 and PrOs4Sb12 were investigated at temperatures down to 20 mK and in magnetic fields up to 18 T. The resistivity of Ce0.98La0.02Os4Sb12, in fields smaller than 4 T, has a Kondo-hole impurity temperature variation, i.e., ρ = ρ0 + AT 2 , with a negative and strongly field-dependent A. However, the positive magnetoresistance suggests that this anomalous behavior is due to Kondo-hole bands. The magnetoresistance of La-doped PrOs4Sb12 confirms the singlet CEF ground state of Pr. Furthermore, its field variation and near isotropy argue against lowest-level crossing along any crystallographic direction. Instead, the results suggest avoided level crossing for all directions of the magnetic field. The possible origin of a dome-like shape in the magnetoresistance of the pure Pr compound is discussed.
Introduction
Filled skutterudites are under extensive research scrutiny for their novel electronic behaviors, including heavy-fermion superconductivity in PrOs 4 Sb 12 1) and unconventional magnetism and hybridization-gap physics in CeOs 4 Sb 12 .
2) Here we report aspects of La-doping studies of these materials. La is chemically similar to both Ce and Pr, but has no f -electrons. Similar substitution investigations have provided great insight into the ground states of canonical heavy-fermion systems by disentangling the two major components: the tendency to undergo long-range ordering, and local Kondolike physics and crystalline electric field (CEF) effects. In addition, La-doping studies can shed light on the role of rare-earth vacancies, suggested to influence the lowtemperature properties of filled skutterudites. Replacement of the rare-earth atoms by La corresponds to the removal of f -electrons, and thus should have an effect similar to the creation of rare-earth vacancies, which is difficult to control experimentally.
La doping of CeOs 4 Sb 12
CeOs 4 Sb 12 has a number of puzzling and seemingly inconsistent properties. Magnetic susceptibility,
2) optical reflectivity, 3) inelastic neutron scattering, 4) and electrical resistivity 2) measurements all imply the existence of a hybridization gap in this material. However, the size of the gap inferred from the resistivity is of order 10 K, orders of magnitude smaller than the direct (70 meV) and indirect (30 meV) gaps found in optical and neutron-scattering experiments. Furthermore, the resistivity below 10 K does not exhibit the characteristics of thermal activation, but instead can be fit to a curious T −1/2 temperature dependence. 5) In addition, the low-temperature specific-heat coefficient γ is sample dependent and large 2, 6, 7) (90-180 mJ/K 2 mol), implying moderately heavy-fermion behavior. The lowtemperature magnetic susceptibility shows a Curie-like tail, which is also sample dependent.
2) Finally, the specific heat suggests magnetic ordering near 1 K. The transition temperature has a weak and nonmonotonic dependence on magnetic field, 6, 7) characteristic of itinerant antiferromagnets.
The strong sample-dependence and some of the unusual properties of CeOs 4 Sb 12 can be explained by crystal defects, particularly Ce vacancies. 8) Ce vacancies lead to bound states inside the gap of the electronic density of states (DOS). Since each vacancy corresponds to three missing electrons, these vacancies effectively pull the Fermi energy E F down just below the top of the valence band. Because of the random distribution of the vacancies, the states near E F are partially localized leading to a quasi-activated temperature variation of the resistivity (with a small pseudo-gap value) and a finite (large) electronic specific heat coefficient γ. The magnetic ordering is then associated with these partially localized states near E F .
A small amount of La (2%) substituted for Ce completely changes the low-temperature behavior of the material-suppressing the magnetic order, and strongly affecting the specific heat and electrical resistivity-while having essentially no effect on physical properties above 20-25 K. 7, 8) The temperature variation of the resistivity of these La-doped crystals is particularly interesting. Figure 1 shows that it can be approximated by the usual J. Phys. Soc. Jpn. Full Paper Fermi-liquid expression, ρ = ρ 0 + AT 2 , but with a negative A coefficient as typically found in the Kondo impurity limit. A similar temperature variation is observed in larger fields (Fig. 2) , although the absolute value of A is suppressed while the upper temperature limit for this behavior increases. In fields above 4 T (not shown), the resistivity recovers the usual heavy-Fermi-liquid temperature dependence described by a positive value of A, which still varies with H, however. A spans a wide range of values from nearly -80 µΩ cm K −2 (at H = 0) to +30 µΩ cm K −2 (at H = 7 T). This unusual and strong magnetic-field variation of A is presented in Fig. 3 .
A temperature variation of the resistivity similar to that shown in Fig. 1 was observed previously in CePd 3 doped with a small amount of La, in which case it was associated with Kondo holes.
9) It thus appears that the physics of Ce vacancies in pure CeOs 4 Sb 12 is replaced by the physics of Kondo holes when 2% or more of La is substituted for Ce. Like the introduction of Ce vacancies, La doping affects mainly the low-temperature properties, but it is charge neutral and results in a peak in DOS near the center of the hybridization gap. For sufficiently high La concentrations (much greater than any Ce vacancy concentration), the Fermi level lies in this new impurity peak in the DOS, which therefore dominates the properties. The La concentration is high enough that the impurity bound states overlap, yielding a Kondo-hole band. Due to the disorder, however, only states near the center of the band (close to E F ) contribute to transport. The resistivity is inversely proportional to the number of mobile carriers, which in turn is proportional to the energy difference between the mobility edge and E F . In a Fermi liquid, this energy difference increases quadratically with temperature, resulting in ρ = ρ 0 + AT 2 , with a negative A. Finally, the magnetic field variation of ρ 0 and A comes about due to the splitting of the Kondohole band via the Zeeman effect. One subband becomes electron-like, the other hole-like, and the carrier density in the impurity band is effectively reduced by the magnetic field, thereby increasing ρ 0 . Note that this increase of ρ 0 with the magnetic field, shown in the inset to Fig.  3 , differentiates this material from a Kondo-hole system such as Ce 1−x La x Pd 3 .
La doping of PrOs 4 Sb 12
One of the most interesting properties of PrOs 4 Sb 12 is the magnetoresistance. has a dome-like shape that has been attributed to CEF effects and, alternatively, to field-induced antiferroquadrupolar (AFQ) long-range order. Figure 4 shows the residual resistivity ρ 0 versus magnetic field, when both the field and the current are along the (001) crystallographic direction. A similar field variation of the resistivity has been reported at finite temperatures.
10, 11)
However, this field variation of ρ is not consistent with the now-established CEF configuration of Pr, worked out by elastic 12) and inelastic 13) neutronscattering and high-field specific heat 14) data. According to these data, the ground state is a nonmagnetic Γ 1 singlet, separated by about 8 K from the first excited Γ triplet (in T h symmetry). The theoretical CEF magnetoresistivity 15) at 20 mK is shown in Fig. 5 . Because the resistivity of this compound in a fixed field saturates below about 300 mK, the 20 mK magnetoresistance is essentially equivalent to the residual magnetoresistance. The difference between the calculated variation of ρ with H for two different field directions arises from there being a predicted crossing of the lowest CEF levels along (001) and an anticrossing along (011).
The magnetoresistance shown in Fig. 4 does not resemble the curves in Fig. 5 , and seems to correlate better with the explanation of field-induced AFQ order. Arrows in Fig. 4 indicate boundaries between the paramagnetic and ordered states. However, it should be noted that it is unusual to find an increase of the resistivity in a ordered state. Figures 6 and 7 show the evolution of the magnetoresistance with increasing La doping. The magnetoresistance of Pr 0.95 La 0.05 Os 4 Sb 12 was measured at 20, 310, and 660 mK. All three curves seem to have a domelike shape superimposed on a step centered near 9-10 T. Thus, even small concentrations of La cause the magnetoresistance to evolve towards the predicted CEF magnetoresistance. From specific-heat investigations, we know that La doping has essentially no effect on the CEF configuration of Pr. La doping at the 5% level also has a relatively weak effect on the AFQ boundaries on the H-T phase diagram.
16) Broadening and height suppression of the specific-heat anomaly corresponding to the AFQ transition is the main result of doping with a small amount of La. This observation correlates with a larger increase of the resistivity between 2 and 10 T in x = 0.05 than in the undoped sample (80% versus 25%, respectively). Thus, the characteristic dome in the magnetore- (Fig. 7) . There is no dome structure, which is consistent with absence of field-induced AFQ order in this material as inferred from specific-heat data. The (transverse) magnetoresistance of the non-f -analog LaOs 4 Sb 12 , measured 17) at 0.36 K, is positive and linear in H. Furthermore, the directional dependence, with dρ/dT being larger than along (011) than along (001) direction, is in agreement with the trend of the linear background in Fig. 7 . Subtraction of the linear background for each isotherm results in overlapping curves, as shown in the inset to Fig. 7 .
This inset to Fig. 7 allows us to conclude that the f -electron magnetoresistance of Pr 0.7 La 0.3 Os 4 Sb 12 is essentially isotropic. This conclusion is somewhat surprising in light of the expected theoretical magnetoresistance shown in Fig. 5 . Furthermore, the curves in the inset to Fig. 7 are more reminiscent of the theoretical magnetoresistance for fields along the (011) direction, which corresponds to anticrossing of the lowest CEF levels. We believe, therefore, that interactions omitted from the CEF model mix the lowest CEF levels, preventing level crossing and thereby producing isotropic magnetoresistance. The magnetoresistance of alloys at even-higher La concentrations (not shown) is almost identical to that for Pr 0.7 La 0.3 Os 4 Sb 12 .
Summary
Resistivity and magnetoresistance investigations of the La-doped filled skutterudites CeOs 4 Sb 12 and PrOs 4 Sb 12 provide important insight into the low-energy states of these materials. The low-temperature resistivity of the Ce compound is very sensitive to defects on the Ce site. We believe that the anomalous behavior of the pure compound is related to the existence of Ce vacancies. In addition, we propose that the unusual resistivity and magnetoresistance of weakly La-doped CeOs 4 Sb 12 alloys are due to Kondo-hole bands. The magnetoresistance of La-doped PrOs 4 Sb 12 supports the existence of a singlet CEF ground state of Pr. The characteristic dome in the magnetoresistance of PrOs 4 Sb 12 is likely due to enhanced electron scattering from fluctuations of the AFQ order parameter.
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